Norovirus infections are a common cause of gastroenteritis and new methods to rapidly diagnose norovirus infections are needed. The goal of this study was to identify antibodies that have broad reactivity of binding to various genogroups of norovirus. A human scFv phage display library was used to identify two antibodies, HJT-R3-A9 and HJT-R3-F7, which bind to both genogroups I and II norovirus virus-like particles (VLPs). Mapping experiments indicated that the HJT-R3-A9 clone binds to the S-domain while the HJT-R3-F7 clone binds the P-domain of the VP1 capsid protein. In addition, a family of scFv antibodies was identified by elution of phage libraries from the GII.4 VLP target using a carbohydrate that serves as an attachment factor for norovirus on human cells. These antibodies were also found to recognize both GI and GII VLPs in enzymelinked immunosorbent assay (ELISA) experiments. The HJT-R3-A9, HJT-R3-F7 and scFv antibodies identified with carbohydrate elution were shown to detect antigen from a clinical sample known to contain GII.4 norovirus but not a negative control sample. Finally, phages displaying the HJT-R3-A9 scFv can be used directly to detect both GI.1 and GII.4 norovirus from stool samples, which has the potential to simplify and reduce the cost of diagnostics based on antibody-based ELISA methods.
Introduction
Noroviruses (NoVs) are recognized as a leading cause of acute gastroenteritis (Atmar and Estes, 2006; Glass et al., 2009; Scallan et al., 2011) . They are associated with large outbreaks involving hospitals, nursing homes, cruise ships, schools and other institutional settings. The median infectious dose of virus has been estimated to be 18-1320 virions and transmission of the virus can be food-borne, person-to-person or from environmental sources ( NoVs are small, round RNA viruses that belong to the family Caliciviridae. They contain a single-stranded, positive sense genome that encodes three open reading frames (ORFs). ORF1 encodes non-structural proteins such as the polymerase and protease while ORF2 encodes the major capsid protein (VP1) and ORF3 encodes a minor structural protein (VP2) (Glass et al., 2009) . Expression of ORF2 from insect cells results in the self-assembly of VP1 into virus-like particles (VLPs) that are antigenically and morphologically similar to native virions (Jiang et al., 1992; Green et al., 1993) . Structural studies of VLPs and VP1 indicate that the major capsid protein can be divided into three domains with the shell (S) domain located at the interior and the protruding domains P1 and P2 progressively more exposed on the surface (Prasad et al., 1999) . VLPs bind to carbohydrates from histo-blood group antigens (HBGAs) that are found on the surface of intestinal epithelial cells and these sites are thought to serve as attachment factors for virus (Hutson et al., 2003 Tan and Jiang, 2010) . The X-ray crystal structure of the P-domain of Norwalk virus (NV) in complex with A-and H-type HBGAs indicates that the P2 domain contains the binding site for carbohydrate (Bu et al., 2008; Choi et al., 2008) . Structural studies further indicate that the position of the HBGA-binding site on the P2 domain varies between genogroups of NoV (Cao et al., 2007; Choi et al., 2008; Hansman et al., 2011; Kubota et al., 2012) .
NoVs are a genetically diverse group of viruses that have been classified into six genogroups (I -VI) based on the major capsid sequence (Kroneman et al., 2013) . The human NoVs include genogroups I, II and IV and these have been further subdivided into at least 9 GI and 19 GII genotypes (Zheng et al., 2006; Kroneman et al., 2011) . A large amount of amino acid sequence diversity occurs in VP1, particularly in the P2 protruding domain (Chen et al., 2004; Donaldson et al., 2010; Debbink et al., 2012) . The diversity of NoV strains creates a challenge in the development of diagnostic assays that can be used to broadly detect NoVs. Three methods that have been used to detect NoVs include electron microscopy (EM), reverse transcription-polymerase chain reaction (RT-PCR) or, more recently, real-time RT-PCR, as well as enzyme-linked immunosorbent assay (ELISA) (Atmar and Estes, 2001; Kageyama et al., 2004; Glass et al., 2009) . EM can be used to directly detect virions in stool samples; however, this method is work intensive and is less sensitive than molecular methods (Richards et al., 2003) . RT-PCR is the most widely used method of detection and involves the use of virus-specific primers that are complementary to conserved regions in the genome (Atmar and Estes, 2001 ). The sequence diversity of NoV prohibits the use of a single primer pair for broad detection; however, the inclusion of two primer pairs allows detection of .90% of GI and GII viruses (Blanton et al., 2006) .
The detection of viral antigens in stool by ELISA has also been used as a tool to diagnose NoV infections (Gray et al., 2007) . ELISA-based methods have the advantage of ease of use and do not require specialized equipment. The difficulty with this approach has been the specificity of the assay. Because of the extensive diversity of the P-domain of VP1, antibodies that recognize viral surface antigens are quite specific for genogroups or even genotypes of NoV (Jiang et al., 1995) . For example, hyperimmune sera raised against genogroup I or II VLPs were found to react specifically with GI or GII samples, respectively (Jiang et al., 1995; Atmar and Estes, 2001) . Monoclonal antibodies (mAbs) have been developed, however, that are more broadly reactive within a genogroup and some have been used for diagnostic assays (Kitamoto et al., 2002; Parker et al., 2005; Lindesmith et al., 2012; Sakamaki et al., 2012) . These ELISA-based diagnostic assays exhibit modest sensitivity (38%, Dako; 36%, Ridascreen) but high specificity (96%, Dako; 88%, Ridascreen) (de Bruin et al., 2006) . Therefore, there is a need for the development of antibodies that can bind tightly to a broad range of GI and GII samples that could be used to enhance the sensitivity of ELISA-based diagnostic assays.
The mAbs commonly used for NoV detection were obtained from mice following oral or intraperitoneal inoculation and with standard hybridoma procedures (Hardy et al., 1996; Kitamoto et al., 2002; Parker et al., 2005; Sakamaki et al., 2012) . Another approach to obtain mAbs is to use phage display to isolate antibodies of interest from large combinatorial libraries (Sidhu and Fellhouse, 2006; Michnick and Sidhu, 2008; Miersch and Sidhu, 2012) . Synthetic antibody libraries consist of a single framework with the molecular diversity created in antigen-binding sites by site-directed mutagenesis (Miersch and Sidhu, 2012) . In this study, NoV VLPs were used as targets for biopanning of a monoclonal human singlechain antibody (scFv) library by phage display to identify antibody fragments that bind to GI and GII NoV VLPs. Several antibodies that target NoVs were obtained and characterized. These antibodies may be useful as detection reagents for ELISA-based diagnostic assays.
Materials and methods

Screening of Tomlinson I þ J phage libraries
The recombinant scFv antibody libraries were provided by MRC Geneservice. The I and J libraries are both based on a single human framework for V H (V3-23/DP-47 and J H 4b) and Vk (012/02/DPK9 and Jk1). Biopanning was initially performed with both I and J libraries. The I library has 18 residue positions CDRH2, CDRH3, CDRL2 and CDRL3 regions randomized with DVT codons (de Wildt et al., 2000) . The J library has 18 residue positions in the CDRH2, CDRH3, CDRL2 and CDRL3 regions randomized with NNK codons (de Wildt et al., 2000) . Both libraries are present in the pIT2 vector and consist of 1.4 Â 10 8 independent clones. For biopanning, GII.4 Houston virus (HOV-Hu/Houston/ TCH186/2002/US, Genbank EU310927) VLPs in phosphatebuffered saline (PBS) at a concentration of 5 mg/ml were added to immunotubes in a volume of 4 ml and incubated overnight at 48C. The immunotubes were then washed three times with PBS and blocked with MPBS (2% dry milk in PBS) at room temperature for 2 h followed by an additional three washes with PBS. The I and J phage libraries were then added separately to individual tubes at 10 11 phage in 4 ml and incubated for 2 h at room temperature. Each immunotube was washed 10 times with PBST (PBS with 0.1% Tween 20).
The bound phages were eluted either by the addition of 0.5 ml of 1 mg/ml trypsin in PBS or with 0.5 ml of 5 mg/ml Le d (H-type 1-PAA-biotin) carbohydrate in PBS. The elution mixtures were incubated for 10 min and then transferred to 1.5 ml microcentrifuge tubes. For amplification, 0.25 ml of each elution was added to 1.25 ml of Escherichia coli TG1 cells and incubated without shaking at 378C for 30 min. Ten microliters was taken, serially diluted, and spread on TYZ agar plates containing 100 mg/ml ampicillin and 1% glucose. The remaining mixture ( 1.49 ml) was spread on TYZ agar plates containing 100 mg/ml ampicillin and 1% glucose and, following overnight incubation at 378C, the colonies were pooled. Fifty microliters of the pooled cells were added to 50 ml of 2YT þ 100 mg/ml ampicillin þ 1% glucose and grown at 378C to an OD 600 of 0.4. A total of 10 ml of this culture was incubated with 5 Â 10 10 KM13 helper phages at 378C for 30 min without shaking. The culture was centrifuged at 3000 g for 10 min and the supernatant was removed. The cell pellet was suspended in 50 ml 2YT þ 100 mg/ml ampicillin þ 0.1% glucose þ 25 mg/ml kanamycin and incubated overnight with shaking at 308C. The culture was centrifuged at 3300 g for 15 min and the supernatant was collected. A total of 5 ml of PEG6000/2.5 M NaCl was added to 20 ml of supernatant and incubated on ice for 1 h. The mixture was centrifuged at 3300 g for 30 min to pellet the phage particles. The phages were suspended in 1 ml PBS, transferred to a 1.5 ml microcentrifuge tube and centrifuged at 11 600 g for 10 min to remove any remaining cells. The titer of phages in each amplification stock was determined by infecting E. coli TG1 cells. The second and third rounds of biopanning to enrich for antibody-phages that bind to HOV VLPs were performed as described above except that 20 PBST washes of bound phage were performed.
Single-point phage ELISA
High-throughput screening of phage clones was performed by single-point phage ELISA (Deshayes et al., 2002) . For these experiments, phages obtained after the third round of biopanning were used to infect E. coli TG1 cells and individual colonies were obtained on TYE agar plates containing 100 mg/ml ampicillin and 1% glucose. Individual colonies were inoculated into 1 ml 2YT medium containing 100 mg/ml ampicillin and 1% glucose in 96-well 2 ml deep well plates and grown with shaking at 378C for 4 h. A total of 10 9 KM13 helper phages were then added to each culture well and incubated at 378C for 30 min followed by centrifugation of the 96-well plate at 3000 g for 15 min. The supernatants were removed and the cell pellets were suspended in 1 ml 2YT þ 100 mg/ml ampicillin þ 0.1% glucose and grown overnight at 308C. The 96-well plate was centrifuged at 3000 g for 15 min and the supernatants were transferred to a fresh 96-well plate. For ELISA, the wells of a 96-well microtiter plate were coated with 5 mg/ml HOV or GI.1 NV VLPs in 100 ml total volume and incubated overnight at 48C. The wells were washed three times with PBS and blocked with MPBS at room temperature for 2 h. The wells were then washed three times with PBS and 100 ml of each phage supernatant was added to each VLP-coated well and incubated for 1 h. The wells were washed 10 times with PBST (0.1% Tween 20 in PBS) and anti-M13 antibody conjugated to horseradish peroxidase (HRP) was added and incubated for 1 h at room temperature. The wells were washed six times with PBST and incubated with 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ABTS substrate followed by absorbance data collection at OD 405 in a microplate reader.
Site-directed mutagenesis
The TAG amber stop codons found in the HJT-R3-A9, HJT-R3-F7, HJL-R3-B4, D11 and F11 scFvs were changed to CAG by site-directed mutagenesis using the QuikChange Mutagenesis method (Stratagene) according to the manufacturer's instructions. The HJL-R3-B4, D11 and F11 mutagenesis reactions utilized the same oligonucleotide because the CDRH2 region is identical in these clones. The DNA sequence of each scFv clone was obtained to confirm the presence of the altered codon and to ensure that extraneous mutations were not present. The primers used for mutagenesis were:
hjtr3-A9-TAG-CAG, 5
scFv purification
The plasmids expressing the HJT-R3-A9, HJT-R3-F7, HJL-R3-B4, D11 and F11 scFvs were used to transform E. coli RB791 cells for protein expression and purification (Amann et al., 1983) . The transformed cells were grown overnight at 378C in 10 ml of 2YT þ 100 mg/ml ampicillin þ 0.1% glucose. Ten milliliters of the overnight culture was used to inoculate 1 l of 2YT þ 100 mg/ml ampicillin þ 0.1% glucose and the culture was grown at 378C to an OD 600 of 0.8 -1.0. Isopropyl b-D-1-thiogalactopyranoside was then added to a final concentration of 1 mM and the culture was incubated at 308C for 5 h. The cells were harvested by centrifugation and resuspended in 50 ml of lysis buffer (25 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 10 mM imidazole, 60 mg/ml DNAse, 1 tablet EDTA-free protease inhibitor and 25 mM MgCl 2 ). A whole cell protein lysate was obtained from the suspended cells using a French press. The resulting lysate was centrifuged for 15 min at 10 K and the supernatant was filtered using a 0.45 mm Millipore filter. The lysate was bound with 3 ml of Talon metal affinity resin (Clontech, Inc.) incubated for 1 h at room temperature. The resin was then packed into a column and washed with 10 bed volumes of Wash 1 buffer (25 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 10 mM imidazole, EDTA-free protease inhibitor) and 10 bed volumes of Wash 2 buffer (25 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 20 mM imidazole, EDTA-free protease inhibitor). Bound protein was eluted with 25 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 50 mM imidazole, EDTA-free protease inhibitor. Elution fractions were monitored for the presence of scFv by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS -PAGE). Fractions of high purity were pooled, concentrated, adjusted to 15% glycerol and stored at 2808C. Protein concentrations were determined using dye-binding assays (Bradford, 1976) .
Biacore surface plasmon resonance
The binding of purified scFv to VLPs was measured using surface plasmon resonance (SPR) on a Biacore 3000 instrument (GE Healthcare Biosciences) at 258C. For these experiments, the HOV and Norwalk (NV) VLPs were immobilized to the surface of CM-5 sensor chips. To determine the binding parameters of the scFvs with HOV and NV VLPs, a sandwich method was used in which mAbs NS14 and 3912 were used to capture HOV VLP and NV VLPs, respectively. A pH scouting was first performed to determine the optimum pH for immobilization of the mAbs. The mAb NS14 at 53 mg/ml in acetate buffer ( pH 5.0) was immobilized on the CM5 chip surface to an RU of 7900, using amine coupling chemistry following the manufacturer's protocol (activation: EDC and NHS at a 1 : 1 mixture were flowed at 10 ml/min for 7 min. Immobilization: NS14 was flowed at 10 ml/min for 7 min. Blocking: ethanolamine was flowed at 10 ml/min for 7 min). HOV VLPs at a concentration of 100 mg/ml in HBS-EP buffer were injected at 10 ml/min for 7 min to a DRU 2200 followed by injection of 100 nM of scFv at 10 ml/min for 5 min. Dissociation was allowed for 10 min after which regeneration was performed with two pulses of glycine pH 2.0 injections at 20 ml/min for 30 and 10 s. Each concentration of scFv binding to VLP was subjected to individual cycles with regeneration of the NS14 immobilized CM5 surface after each injection and fresh capture of HOV VLPs for binding measurements. The binding studies were performed at a concentration range of 5 -400 nM for all the different scFvs including HJT-R3-A9, HJT-R3-F7, HJL-R3-B4, HJL-R3-D11 and HJL-R3-F11. Similar experiments were performed for NV VLPs, where mAb 3912 was used for capture in the sandwich method. Mass transfer was ruled out by checking binding parameters at higher flow rates of 20 and 30 ml/min. In the control flow channel, different concentrations of scFv were flowed directly over the immobilized mAb. The final subtracted binding curves were fitted to the classical 1 : 1 Langmuir binding model using BIAevaluation program (BIAcore version 3) to obtain the binding parameters.
Immunoblotting
The HOV VLP, NV VLP, CT303 VLP and NV P-domain proteins were boiled in sample buffer and loaded onto an SDS-PAGE gel at a concentration of 0.3 mg/ml with a total amount of 1.5 mg loaded into each well. The proteins were fractionated by electrophoresis and transferred to nitrocellulose using a trans-blot apparatus (Bio-Rad). The membrane was blocked with 1Â TBST with 5% milk at 48C overnight. The membrane was washed three times with 1Â TBST with 1% milk for 10 min each wash. The membrane was incubated with biotinylated HJT-R3-A9 antibody at 0.65 mg/ml in 1Â TBST with 1% milk for 1 h followed by three washes at 10 min each. Bound HJT-R3-A9 antibody was detected with avidin-HRP at 0.5 mg/ml in 1Â TBST þ 1% milk for 40 min. The membrane was washed three times with 1Â TBST þ 1% milk and two times with 1Â TBST for 10 min each wash. The bands were visualized by addition of enhanced chemiluminesence (ECL) reagent (Amersham) and exposure of the membrane to X-ray film. The HJT-R3-F7 experiments were done similarly except samples were boiled and loaded at 2 mg/protein per well. HJT-R3-F7 was used at 5 mg/ml and bound antibody was detected with protein A-HRP. The immunoblotting experiments to map the binding site of the HJT-R3-F7 antibody were performed as described above except protein lysates of E. coli cultures expressing the glutathione-S-transferase (GST) fusion proteins shown in Fig. 5 were added to sample buffer, separated by SDS-PAGE, transferred to nitrocellulose and detected with 3 mg/ml HJT-R3-F7 antibody conjugated to HRP, washed and developed with ECL reagent (Parker et al., 2005) . The immunoblots of HOV GST fusions were performed as described for the HJT-R3-F7 antibody only using an anti-GST antibody conjugated to HRP (GE Healthcare Life Sciences).
VLP capture and detection ELISA experiments with purified scFv antibodies
ELISA experiments to determine the binding profile of scFvs for GI and GII VLPs utilized capture antibodies mAb NS14 for GII VLPs and mAb 3912 for GI VLPs (Kitamoto et al., 2002) . The antibodies were used at 10 mg/ml to coat ELISA wells (Immulon HB) in PBS overnight at 48C. Wells were washed three times with 1Â PBS and blocked with 10% milk in PBS at room temperature for 2 h. Wells were washed three times with PBS and bound with 5 mg/ml of either GI or GII VLP for 1 h at room temperature. Wells were washed six times with PBS-Tween and bound with anti-Myc-tag-HRP conjugated antibody for 45 min at room temperature. In the case of the bovine serum albumin (BSA) negative control, anti-BSA-HRP conjugated antibody was used for detection. Wells were washed six times with PBS-Tween and anti-Myc-HRP or anti-BSA-HRP was detected with the HRP substrate 3,3 0 ,5 0 -tetramethylbenzidine (TMB). Stop solution was added after 15 min and reactions were read at OD 450 in a microplate reader.
The VLP dose -response experiments for antibodies HJT-R3-A9 and F7 utilized anti-NV and anti-HOV polyclonal antibodies for capture of VLPs. A 1 : 1000 dilution in PBS of each polyclonal sera was used for coating wells overnight at 48C. Wells were washed three times with 1Â PBS and blocked with 10% milk in PBS at room temperature for 2 h. Wells were washed three times with PBS and bound with various concentrations of NV or HOV VLPs. Wells were washed three times with PBS and a 5 mg/ml solution of HJT-R3-A9 or F7 antibody was added and incubated for 2 h at room temperature. Wells were washed five times with PBS-Tween and a 1 : 5000 dilution of anti-Myc-tag antibody conjugated to HRP was added and incubated for 1 h at room temperature. Wells were washed six times with PBS-Tween, developed with TMB microwell peroxidase substrate, and signal was detected at OD 450 . Rotavirus antigen was used as a control for these experiments (Crawford et al., 2006) . For this purpose, anti-VP6 6E7 mAb ascites (1 : 1000 dilution) was coated in wells overnight at 48C (Crawford et al., 2006) . The wells were washed three times with PBS and blocked with 10% milk in PBS at room temperature for 2 h. Wells were washed three times with PBS and RV antigen was added and incubated for 2 h at room temperature. Wells were washed five times with PBS-Tween and 5 mg/ml of HJT-R3-A9 or F7 antibody or, as a positive control, anti-RV GP511 antibody (1 : 2000 dilution), was added and incubated at room temperature for 2 h. Wells were washed six times with PBS-Tween and bound HJT-R3-A9 and F7 antibody were detected with an anti-Myc-tag antibody conjugated to HRP while the anti-RV GP511 antibody was detected with a goat a-gp IgG-HRP (1 : 4000 dilution) and TMB substrate.
Clinical sample ELISA using scFv antibodies or scFv-displaying phage for detection
Clinical samples were collected and tested under protocols reviewed and approved by the Institutional Review Board at Baylor College of Medicine (Atmar et al., 2008; Koo et al., 2013) . The test of the scFv antibodies as detection reagents was performed by first immobilizing an anti-GII.4 antibody in the wells of HB microplates. For this purpose, the NS14 mAb and an anti-HOV polyclonal antibody were used to coat wells overnight at 48C. Wells were washed three times with 1Â PBS and then blocked with 10% dry milk in PBS (MPBS). Wells were washed three times with PBS and a 10% stool suspension was added for capture of virus. Wells were washed 10 times with PBS-Tween, and scFv antibody was added at 50 mg/ml in 2% milk-PBS and incubated for 2 h at room temperature. Wells were washed 10 times with PBS-Tween and anti-Myc antibody conjugated to HRP was added at a 1 : 5000 dilution in 2% MPBS and incubated 45 min at room temperature. Wells were washed eight times with PBS-Tween and the signal was detected by adding HRP substrate, TMB (KPL). The signal was read at OD 450 .
The test of the HJT-R3-A9-displaying phage as a detection reagent was performed by first coating HB microplate wells with a 1 : 3000 dilution of anti-NV or anti-HOV polyclonal antibody overnight at 48C. Wells were washed three times with 1Â PBS and then blocked with 10% dry milk in PBS (MPBS). Wells were washed three times with PBS and various dilutions of stool suspension were added for 2 h at room temperature for capture of virus. Wells were washed 10 times with PBS-Tween, and 1 Â 10 11 PFU of HJT-R3-A9-displaying phage was added in 1% milk-PBS and incubated for 2 h at room temperature followed by 10 washes with PBS-Tween. HRP-conjugated M13-antibody (Pharmacia Biotech) was diluted 1 : 5000 in 1% milk PBS and 100 ml was added to each well and incubated at room temperature for 45 min. After washing six times with PBS-T, HRP substrate was added to each well. Development was allowed to proceed for 10-20 min and stopped with 1 M H 3 PO 4 (KPL). Optical density was measured at 450 nm on a Tecan infinite M200pro plate reader.
Results
Identification of scFv antibodies that bind GI and GII VLPs
In order to obtain mAbs that bind to NoV GI and GII VLPs, the Tomlinson I þ J svFc phage display libraries (de Wildt et al., 2000) were screened for binding to GII.4 HOV (GII) VLPs as described in the Materials and Methods section. Two methods of elution of bound phages were performed for each library. These included elution with trypsin protease, which cleaves between the scFv and the phage g3p to release the bound phages, and elution by the addition of a HBGA carbohydrate (H-type 1-PAA-biotin), which binds VLPs and is thought to serve as an attachment factor for NoVs (Hutson et al., 2003 . The H-type 1 carbohydrate has been shown to bind NV VLPs and also some genogroup II VLPs (Huang et al., 2005; Choi et al., 2008) . Therefore, the carbohydrate elution procedure may displace and thereby enrich for antibody-phages that bind the HOV VLPs at or near the carbohydrate receptor binding site.
After the three rounds of binding enrichment, the amplified, pooled phages from each round were tested for binding to immobilized HOV VLPs by ELISA. The highest signal was obtained with phages from the Tomlinson J libraries eluted using either trypsin or carbohydrate after three rounds of binding enrichment (data not shown). The signal from the pooled phages from the Tomlinson I library after each round of panning was significantly lower than the J library for both the trypsin and carbohydrate elutions, suggesting that relatively few phages from these enrichments bind HOV VLPs. Therefore, the remainder of the study focused on the antibodyphages enriched from the Tomlinson J library.
In order to identify individual scFv phage clones that bind to HOV VLPs, single-point phage ELISA was performed using 90 randomly chosen J library clones obtained after three rounds of binding enrichment using trypsin as the elution agent (Deshayes et al., 2002) . In addition, 90 J library clones obtained after three rounds of enrichment using Le d carbohydrate elution were also examined (Deshayes et al., 2002) . It was found that a large percentage of the clones obtained using the trypsin elution procedure bound to HOV VLPs as indicated by a high ELISA signal compared with a negative control protein (data not shown). In order to determine if any of the antibody-phage clones also bound to a genogroup I NoV capsid, the set of 90 clones was also tested for binding NV VLPs by ELISA. The results indicated that 40% (36/90) of the clones produced a high ELISA signal (.0.9 OD 405 ) for both HOV and NV VLPs (data not shown). DNA sequence analysis of the scFv region of 10 clones exhibiting high signals for both VLP types revealed that they encode the same nucleotide and amino acid sequence, indicating they represent a single clonal population (Fig. 1A) . The HJT-R3-A9 clone was used in subsequent studies as representative of this clonal population. DNA sequencing of phage clones that bound both HOV and NV VLPs with a moderate signal revealed an additional unique clone named HJT-R3-F7 (Fig. 1A) .
The single-point ELISA results from the 90 clones from the carbohydrate elution revealed a number of clones that bound to HOV VLPs. The pattern of binding among clones was different than that observed for the trypsin elution. For example, although numerous clones exhibited an ELISA signal significantly above background levels, no phage clones were identified that displayed extremely high ELISA signals (.1.0 OD 405 ) for binding HOV VLPs. In addition, the signals observed for binding to NV VLPs were, in general, lower, suggesting modest cross-reactivity of the scFvs between HOV and NV VLPs. DNA sequence analysis of the scFv regions of 20 phages with the highest ELISA signals for binding HOV VLPs revealed a number of different sequences that could be placed into seven families (Fig. 1B) . Interestingly, several of the families possess the same heavy chain sequence; five families encompassing 15 of the 20 sequenced clones utilize the same heavy chain sequence (Fig. 1B) . In addition, the seven families are represented by six different light chain sequences due to the repeat of two light chain sequences in separate families. The use of a limited number of heavy chain and light chain CDR sequences that are combined in different ways to make up the seven families suggests the antibodies bind to a similar region on the HOV VLP. Binding of the clones to a single site would be consistent with the biopanning elution procedure with carbohydrate which is designed to displace phages from the carbohydrate-binding site. The use of limited heavy chains with diverse light chains also suggests the majority of the binding affinity for the target arises from the heavy chain.
Characterization of scFv antibodies that bind NoV VLPs
The scFv phages eluted with trypsin that bound to both HOV and NV VLPs are represented by HJT-R3-A9 and HJT-R3-F7 antibodies as described above. A broad spectrum scFv would be a useful diagnostic tool for NoV infections and therefore these scFv clones were characterized further. As indicated in Fig. 1A , the CDR H2 sequences of both HJT-R3-A9 and F7 contain a TAG stop codon which is suppressed to glutamine in the E. coli TG1 strain used for phage propagation. To facilitate protein expression and purification, the TAG codon was converted to the CAG glutamine codon by site-directed mutagenesis. The pIT2 plasmid encoding HJT-R3-A9 and HJT-R3-F7 were transferred to E. coli RB791 cells that do not contain a nonsense suppressor in order to express soluble scFv antibody protein. The HJT-R3-A9 and F7 proteins were purified by affinity chromatography and tested for binding to HOV and NV VLPs by ELISA (Fig. 2) . For each antibody, a titration of concentrations of both HOV and NV VLPs were tested. For these experiments, the VLPs at the various concentrations were immobilized into microtiter wells that were first coated with anti-NV or anti-HOV polyclonal antibodies. A clear dose -response of binding was observed with increasing VLP concentrations for HJT-R3-A9 and F7 with both NV and HOV VLPs. In addition, rotavirus antigen was immobilized and used as a negative control antigen to rule out polyreactivity of the antibodies ( Fig. 2C and F) . The results indicate that the HJT-R3-A9 and HJT-R3-F7 antibodies do not bind the rotavirus antigen despite the high signal obtained when an anti- Figure 1 . (A) Amino acid sequences of scFv clones obtained after three rounds of binding enrichment on HOV VLPs followed by trypsin elution and ELISA screening for clones that also bound to NV VLPs. The CDR positions that are randomized in the Tomlinson J library are highlighted in red. The asterisk indicates the amber TAG stop codon, which is suppressed to glutamine by the supE amber suppressor gene present in the E.coli strain used to propagate phages. The number of clones with the same sequence is shown in parenthesis. For example, 10 clones that were picked and DNA sequenced were identical to clone A-9. (B) Amino acid sequences of scFv clones obtained after three rounds of binding enrichment on HOV VLPs followed by carbohydrate elution ELISA screening.
scFv antibodies for norovirus detection rotavirus antibody was used to detect the rotavirus antigen. Therefore, the signal observed with the NoV VLPs is not due to non-specific binding (Fig. 2) .
The reactivity of the HJT-R3-A9 and F7 antibodies was then tested for additional GI.1 and GII.4 VLPs. For these experiments, various NoV GI VLPs including GI.1, GI.6 and GI.7, were immobilized by binding to microtiter wells first coated with the 3912 mAb that recognizes GI VLPs (Hale et al., 2000) . The immobilized 3912 antibody then captured the GI VLPs and unbound VLPs were washed away. The purified HJT-R3-A9 and F7 scFvs were added and bound antibody was detected with an anti-Myc tag antibody which recognizes the Myc-tag present on the scFvs (Fig. 3A) . The results indicate that the HJT-R3-A9 antibody bound the GI.1 as well as GI.6 and GI.7 VLPs. The HJT-R3-F7 bound to captured GI.1 and also, but to a lesser extent, the GI.6 and GI.7 VLPs (Fig. 3A) . Therefore, the HJT-R3-A9 and F7 antibodies display a broad specificity towards GI genogroup VLPs.
The HJT-R3-A9 and F7 antibodies were also tested for binding to VLPs from genogroup II. For these experiments, the broad specificity anti-GII antibody NS14 was immobilized into microtiter wells and subsequently used to capture VLPs from a number of genotypes including GII.2, GII.3, GII.4, GII.6, GII.7, GII.12 and GII.17 (Fig. 3B) . The HJT-R3-A9 and F7 scFvs were then added and bound protein was detected with the anti-Myc-tag antibody. The results indicated a broad binding specificity for both the A9 and F7 antibodies with ELISA signals above the BSA negative control for all of the GII VLPs tested with the highest reactivity observed for GII.4, which is consistent with the fact that the GII.4 HOV VLP was used as the target for biopanning with the phage library (Fig. 3B) . Taken together, the results indicate that the HJT-R3-A9 and F7 antibodies bind to a broad range of VLPs from both the GI and GII genogroups.
Several clones were chosen for characterization from the biopanning experiment that utilized carbohydrate elution including HJL-R3-B4, HJL-R3-D11 and HJL-R3-F11. These clones also contained TAG stop codons, which were converted by site-directed mutagenesis to CAG glutamine-encoding codons. The antibodies were expressed and purified from E. coli and tested for binding to genogroup GI and GII VLPs as described for the HJT-R3-A9 and F7 clones. The scFv clones displayed a range of activity towards captured GI VLPs in the ELISA experiments (Fig. 3A) . The HJL-R3-B4 clone exhibited high ELISA signals for GI.1, GI.6 and GI.7 VLPs while the D11 clone exhibited lower binding that was nevertheless well above the levels of the BSA negative control. In contrast, the HJL-R3-F11 did not bind GI VLPs (Fig. 3A) .
The HJL-R3-B4, D11 and F11 antibodies were also tested for binding to captured GII VLPs as described for the HJT-R3-A9 and F7 clones (Fig. 3B) . It was found that all of the clones gave strong ELISA signals for binding GII.4 VLP, which is consistent with the fact that they were isolated based by biopanning on immobilized HOV VLPs. The HJL-R3-D11 antibody exhibited strong ELISA signals for all of the GII VLPs tested. The HJL-R3-B4 clone also bound to other GII VLPs, albeit with a lower ELISA signal. The results indicate that the HJL-R3-D11 and, to a lesser extent, the B4 clone have a broad specificity that includes GI and GII genotypes. Therefore, scFv antibodies identified from both the trypsin (HJT-R3-A9, F7) and carbohydrate (HJL-R3-D11, B4) exhibit broad binding specificity that includes GI and GII VLPs.
Mapping the binding site of the HJT-R3-A9 and F7 antibodies on VLPs
Due to the broad binding specificity of the HJT-R3-A9 and F7 antibodies, it was of interest to determine where these reagents bound to VLPs. In order to gain information on the location of the HJT-R3-A9 scFv-binding epitope, immunoblotting was performed. For these experiments, HOV and NV VLPs were boiled in loading buffer and resolved by SDS -PAGE. In addition, boiled and unboiled samples of the CT303 VLP (Bertolotti-Ciarlet et al., 2002) , which consists only of the NV S-domain, were separated by SDS -PAGE. Finally, a fusion protein of GST and the NV P-domain was run on SDS -PAGE with and without boiling (Parker et al., 2005) . The results in Fig. 4A demonstrate that the HJT-R3-A9 antibody binds to the boiled HOV and NV VLPs. In addition, the antibody binds both the boiled and unboiled forms of the CT303 S-domain VLP but does not bind to either boiled or unboiled GST-P-domain fusion protein. Thus, the HJT-R3-A9 antibody appears to bind to a linear epitope in the S-domain. The S-domain is the most highly conserved region of VP1 between the different genogroups, which may explain the broad spectrum binding exhibited by the antibody (Chen et al., 2004) . Finally, the HJT-R3-A9 antibody did not bind the negative control protein, TEM-1 b-lactamase, indicating it does not exhibit polyreactivity.
Immunoblotting was also performed to map the epitope for the HJT-R3-F7 antibody. For this purpose, NV and HOV VLPs as well and NV and HOV P-domain protein samples were boiled and separated by SDS -PAGE and immunoblotting was performed using the HJT-R3-F7 antibody. As seen in Fig. 4B , the F7 antibody bound to the NV and HOV VLPs as well as the P-domains but not to the negative control proteins indicating the binding site is located within the P-domain. Therefore, the results indicate that the HJT-R3-A9 and F7 antibodies utilize different epitopes to bind VLPs.
The binding site of the HJT-R3-F7 antibody was investigated further using a set of GST fusions to deletions of the P-domain from HOV NoV (Supplementary Fig. S2 ). The HJT-R3-F7 antibody was conjugated to HRP and binding to the GST fusions was evaluated by immunoblotting and the results are summarized in Fig. 5 . Based on the fusion results, the binding site could be localized to the amino acid residues 417-488 region of the HOV P-domain. The positive signals from the 473-540 and 417 -488 fusions suggest that the binding site is located between residues 473 -488; however, a 473-488 peptide has not been directly tested for binding. The 417-488 region maps to the P1 region of the P-domain. The P1 subdomain is less accessible than P2 although it has been shown based on X-ray crystallography that the mouse 5B18 mAb binds to a buried portion of the GII.10 P1 subdomain and yet is able to capture VLPs suggesting considerable conformational flexibility of the capsid protein to facilitate antibody binding (Hansman et al., 2012) .
SPR analysis of scFv binding to VLPs
The binding of the various single-chain antibodies to VLPs was examined by SPR experiments to obtain quantitative estimates of binding affinity ( Supplementary Fig. S1 , Table I ). This was accomplished using a capture assay whereby the mAbs 3912 and NS14 were covalently attached to a Biacore CM5 chip for capture of NV and HOV VLPs, respectively. Binding of the HJT-R3-A9 and F7 antibodies was measured for both NV and HOV VLPs as was binding of the HJL-R3-B4, D11 and F11 clones (Table I ). It was found that the HJT-R3-F7 antibody bound to NV and HOV VLPs with similar affinities of 25 and 45 nM K d , respectively. The HJT-R3-A9 antibody, however, did not bind to either captured NV or HOV VLPs. This is somewhat surprising in that the HJT-R3-A9 antibody does bind to captured NV and HOV VLPs in the ELISA format. The lack of binding could be due to the binding epitope for HJT-R3A9 being located in the S-domain, which is buried below the P-domain in the structure of VLPs. It is possible that the antibody capture of VLPs on the surface of ELISA wells results in sufficient unfolding of VLPs to reveal the S-domain to allow HJT-R3-A9 binding. On the Biacore chip, the capture antibodies are attached to glycan strands that project away from the surface of the chip and this may preserve the structure of the VLP upon capture, thereby keeping the S-domain epitope masked from binding the Figure 3 . Test of scFvs as detection antibodies for NoV VLPs. (A) Binding of scFv antibodies to GI.1 VLPs was tested by coating the anti-GI mAb 3912 into ELISA wells followed by capture of GI VLPs. The various scFv antibodies were added to the captured GI VLPs, washed and bound scFv was detected with an anti-Myc-tag antibody. The scFv antibodies tested in the experiment are indicated in the inset. (B) Binding of scFv antibodies to GII VLPs was tested by coating the anti-GII mAb NS14 into ELISA wells followed by capture of GII VLPs. The various scFv antibodies were added to the captured GII VLPs, washed and bound scFv was detected with an anti-Myc-tag antibody as described for part (A) above.
scFv antibodies for norovirus detection HJT-R3-A9 antibody. It is of interest that when the HJT-R3-A9 antibody is directly coated into ELISA wells, it does not capture soluble NV or HOV VLPs, presumably because the S-domain epitope is masked in the soluble VLPs (data not shown).
The SPR experiments revealed that the HJL-R3-B4, D11 and F11 antibodies bound to captured HOV VLPs with binding constants (K d ) of 50, 6.1 and 16 nM, respectively (Table I) . Therefore, consistent with the ELISA results, the antibody clones isolated by carbohydrate elution bind tightly to the HOV VLPs. However, the HJL-R3-B4, D11 and F11 antibodies did not exhibit detectable binding to NV VLPs. This result is in contrast to the ELISA experiments in Fig. 3B where the HJL-R3-B4, D11 and F11 antibodies gave a binding signal above background for antibody-captured NV VLPs. It is unclear why this is the case, however, it is possible that the binding epitope for these antibodies is less surface exposed on the NV versus the HOV VLP and therefore partial unfolding may be required for the antibodies to bind NV VLPs. As stated above, the capture antibodies are not directly on the SPR chip surface but rather are connected with glycan strands away from the surface, so the VLP with be in a different environment for the SPR versus the ELISA experiments. Finally, the SPR experiments indicate that the scFv antibodies bind to NV and HOV VLPs with 10-fold weaker affinity than the 3912 and NS14 mAbs (Table I ). This likely reflects the fact that the scFv antibodies are synthetic and have not undergone affinity maturation.
Detection of GII.4 NoV from a clinical sample using purified scFv antibodies
The above experiments indicate that all of the antibodies tested bind to HOV GII.4 VLPs in the ELISA format and all but HJT-R3-A9 bind HOV VLPs with nanomolar affinity by SPR measurements. It was of interest, therefore, to determine if these antibodies could be used to detect GII.4 virus from a clinical sample. For this purpose, an ELISA experiment was performed whereby the anti-GII NS14 antibody as well as anti-HOV polyclonal antibodies were used as capture reagents and coated into microtiter wells. Suspensions from a known GII.4 positive and a negative stool sample were added as well as BSA as a negative control. The HJT-R3-A9 and F7 as well as the HJL-R3-B4, D11 and F11 were tested as detection antibodies for captured virus. The results indicate that all but the HJL-R3-B4 antibody gave strong ELISA signals for the positive stool sample and displayed little reactivity with the negative stool samples when either the NS14 or anti-HOV polyclonal antibodies were used for capture (Fig. 6) . The positive result with the HJT-R3-A9 antibody is consistent with the results with captured VLPs in Fig. 3 and indicates this scFv can be used as a detection reagent in an ELISA format. The low reactivity of the HJL-R3-B4 antibody may be due to its relatively weak binding affinity for HOV (50 nM K d ) compared with the other antibodies as indicated in the SPR experiments (Table I ). In total, the results indicate that this approach could be useful for discovering antibodies to be used as diagnostic tools for detection of NoV infections.
Detection of NoV from clinical samples with scFv phage
The above experiments demonstrate that purified scFv can be used to detect NoV VLPs and virus from a clinical sample. However, antibody purification requires extra time and expense in the development of a diagnostic reagent. In contrast, M13 bacteriophage are easy to produce and purify from E. coli and we have previously shown that phages displaying a peptide affinity reagent that recognizes NoV can be used to detect virus in clinical samples (Rogers et al., 2013) . Therefore, phages displaying the HJT-R3-A9 scFv antibody were tested as detection reagents for GI.1 and GII.4 NoV from clinical samples. For this purpose, ELISA wells were coated with anti-GI.1 or anti-GII.4 polyclonal antibody and suspensions from several dilutions of known GI.1 and GII.4 as well as negative stool samples were added to the wells (Fig. 7A and  B) . The HJT-R3-A9 displaying phages were added to the captured NoV and bound phages were detected with an anti-M13 phage antibody (Rogers et al., 2013) . The results indicate that phages displaying the HJT-R3-A9 antibody gave a strong ELISA signal with the GI.1 and GII.4 but not the negative stool samples (Fig. 7) . For both GI.1 and GII.4 positive stool samples, the 1% dilution provided the optimal sensitivity. Based on these results, it may be possible to use the phages displaying the scFv antibodies directly as NoV detection reagents for diagnosing infections. The various scFv antibodies were tested for their ability to detect GII.4 virus from stool samples. A stool sample shown to be positive as well as a sample shown to be negative by RT-PCR was used. The virus was captured from samples using either the mAb NS14 or with polyclonal anti-HOV antibody that had been coated in ELISA wells. The various scFv antibodies were then added for detection of captured virus as indicated by the X-axis legend. The capture antibody and stool sample utilized are indicated by the key in the inset. scFv antibodies for norovirus detection
Discussion
Several methods have been used to detect NoV in diagnostic assays including EM, RT-PCR and ELISA (Atmar and Estes, 2001) . The ease of use and lack of need for specialized equipment make ELISA-based methods powerful diagnostic tools. The extensive diversity of the NoV capsid protein between and within genogroups, however, makes the development of broadly cross-reacting antibodies a challenge and currently available ELISA-based diagnostics exhibit excellent specificity but modest sensitivity because of limited cross-reactivity (Richards et al., 2003; de Bruin et al., 2006) . Therefore, there is a need to develop ELISA reagents with broad reactivity and high sensitivity. In this study, a phage display library displaying human synthetic single-chain antibodies was used to identify reagents that bind to NoV genogroup I and II VLPs (de Wildt et al., 2000) . The strategy employed was to screen the Tomlinson I þ J phage libraries for antibodies that bind to GII.4 HOV VLPs and then to test the positive phage clones for binding to Norwalk GI.1 VLPs. This approach yielded multiple candidate phages but DNA sequencing indicated that these phages all encoded a single scFv sequence. A purified, soluble form of this scFv, named HJT-R3-A9, was found to efficiently detect antibodycaptured GI and GII VLPs by ELISA. In addition, examination of phage clones that gave a moderate ELISA signal for binding both HOV and NV VLPs yielded the HJT-R3-F7 antibody, which can also efficiently detect antibody-captured GI and GII VLPs in ELISA experiments. Mapping of the binding sites for the HJT-R3-A9 and F7 clones by immunoblotting indicated that the HJT-R3-A9 scFv binds a linear epitope in the S-domain while the F7 antibody binds within the P1 subdomain of the P-domain. The discovery of an antibody that binds the S-domain by screening for scFvs that bind HOV and NV VLPs is not surprising in that the S-domain is the most highly conserved region in the capsid among different genogroups and broadly reactive mAbs targeting this region have been described previously (Yoda et al., 2003; Hansman et al., 2006) . The discovery of the HJT-R3-F7 antibody indicates it is possible to utilize phage display libraries to identify clones that bind the P-domain of different genogroups, which could have significant implications for development of diagnostic reagents.
A number of scFv antibodies were also discovered from the phage display libraries by eluting phages bound to HOV VLPs with H-type 1-carbohydrate (Fig. 2) . The rationale for this approach was to specifically displace phages bound to VLPs by competition with carbohydrate so as to bias the panning experiments to enrich for scFvs that bind VLPs at or near the carbohydrate-binding site. It is of interest that, although several scFvs were identified, a common heavy chain was used in 15 of the 20 clones sequenced. In addition, two light chains were found in more than one scFv (Fig. 2) . Therefore, the families of scFv sequences obtained are related, which suggests that the antibodies may bind to a similar site on the VLP. This site could correspond to a carbohydrate-binding site. Studies are in progress to localize the binding sites for these antibodies on HOV VLPs. One of the goals of obtaining antibodies that bind VLPs at the carbohydrate-binding site is the potential for using these reagents as prophylactics to block cell binding by NoVs. An scFv that recognizes the carbohydrate-binding site has previously been constructed from a mAb that bound recombinant NV VLPs (Ettayebi and Hardy, 2008) . It was shown that this scFv could block binding of NV VLPs to CHO cells but the binding spectrum to various genogroups was not discussed (Ettayebi and Hardy, 2008) . In the present study, several scFv antibodies were enriched from a phage library by carbohydrate elution after binding GII.4 HOV VLPs. The GII.4 strains are currently the predominant NoV strains circulating worldwide and therefore these scFvs warrant further study (Fankhauser et al., 2002; Bull et al., 2006) . Interestingly, the antibodies identified by carbohydrate elution proved to bind both GI and GII genogroup VLPs in ELISA experiments where the VLP was first captured by an unrelated antibody. In SPR experiments, however, the carbohydrate eluted HJL-R3-B4, D11 and F11 antibodies did not bind GI.1 NV VLPs but did bind GII.4 HOV VLPs. These results indicate that scFv binding is sensitive to the environment in which the VLP is immobilized. We hypothesize that conformational changes occur upon immobilization of the VLP in the capture assays and the extent of the change is sensitive to the environment of the capture event. For example, the HJT-R3-A9 antibody binding site was clearly mapped to the S-domain and yet this antibody can be used to detect whole VLPs that are captured by NS14 or 3912 mAbs in ELISA wells and yet when the same capture antibodies are used for SPR on a platform of glycan strands rather than an ELISA well, the conformational change apparently does not occur because the HJT-R3-A9 antibody does not bind VLPs in these experiments.
It was also shown in this study that the scFv antibodies identified by phage display can be used to detect GII.4 NoV from clinical samples. In ELISA experiments using the NS14 mAb or anti-HOV polyclonal antibody as the capture reagent, the scFv antibodies efficiently detect virus from a sample shown by RT-PCR to contain GII.4 virus but do not react with negative control stool samples. Therefore, the scFv antibodies have potential as broadly reactive detection reagents for NoV diagnostic assays.
We also demonstrated that M13 bacteriophages displaying the HJT-R3-A9 scFv antibody can be used directly to detect both GI.1 and GII.4 genogroup NoV from stool samples. As we have discussed previously, the use of phage directly as a detection reagent has several advantages including the ease and low cost of phage propagation and purification (Rogers et al., 2013) . A total of 1 Â 10 13 PFU of phage can be obtained from 20 ml of infected E. coli culture and purified from supernatants using a PEG precipitation (Rogers et al., 2013 ). An additional advantage of the scFv phage display system is that the clones obtained can be further developed by directed evolution strategies to increase binding affinity and modify specificity (Rajpal et al., 2005; Laffly et al., 2008; Michnick and Sidhu, 2008) . A potential concern is the possible interaction of phages with E. coli present in stool samples. However, the experiments performed here on stool samples with phage displaying antibody as well as previous studies using phage displaying a NoV-binding peptide suggest that the background binding to E. coli is low (Rogers et al., 2013) . Therefore, the scFv phage clones described here represent first-generation scFvs whose properties can be improved by random or sitedirected mutagenesis followed by phage display selections.
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